The structure of 15 C, with an s 1/2 neutron weakly bound to a closed-neutron shell nucleus 14 C, makes it a prime candidate for a one-neutron halo nucleus. We have for the first time studied the cross section for the fusion-fission reaction 15 C + 232 Th at energies in the vicinity of the Coulomb barrier and compared it to the yield of the neighboring 14 C + 232 Th system measured in the same experiment. At sub-barrier energies, an enhancement of the fusion yield by factors of 2-5 was observed for 15 C, while the cross sections for 14 C match the trends measured for 12, 13 C.
There has been a strong interest in reaction studies involving so-called halo nuclei since their anomalously large interaction radii were discovered more than 25 years ago [1] . The definition of a halo nucleus is still being debated, but at least three conditions are required [2] : (i) low separation energy of the valence particle (or particle cluster); (ii) a wave function that is in a low relative angular momentum state (preferably an s-wave); (iii) decoupling from the core. The nucleus 11 Li, a two-neutron halo nucleus, is a prime example.
Possible candidates for one-neutron halo nuclei are still being debated. For example, in Ref. [2] 11 Be, 15 C, 19 C and 23 O are listed as candidates, based mainly on the width of their momentum distributions measured in one-neutron removal reactions [3] . The latter two isotopes are located far away from the valley of stability and are currently not available with beam intensities sufficient to allow for studies of fusion reactions. The remaining two nuclei, 11 Be and 15 C, are closer to the valley of β stability and can be produced with higher beam intensities. Measurements of interaction radii for 11 Be and 15 C at a high bombarding energy of 950 MeV/u [4] showed a radius increase only for 11 Be. Later studies at lower energies (E∼83 and 51 MeV/u) [5] , however, demonstrated an increase in the interaction radius of 15 C when compared to those of the neighboring 14,16 C isotopes.
The ground state of 15 C can be described as an s 1/2 neutron coupled to a 14 C core with a separation energy of 1.218 MeV and a spectroscopic factor of ∼1 as measured in the 14 C(d,p) 15 C reaction [6] . In comparison, 11 Be has a smaller neutron separation energy (0.503 MeV), but a slightly smaller one-neutron spectroscopic factor (see Ref. [7] and references quoted therein). Several fusion experiments with 11 Be beams have been performed [8] [9] [10] . Their interpretation suffers from the difficulty of not having a good spherical nucleus as a reference system. Early experiments used 9 Be [10] , which also has a low neutron binding energy of 1.665 MeV. Later studies replaced 9 Be with the even-even nucleus 10 Be, yet no enhancement in the fusion cross sections was found in either case. For the one-proton halo nucleus 17 F no fusion enhancement was observed experimentally [11] . This observation was explained through the polarization of the incoming 17 F projectile in the Coulomb field of the 208 Pb target nucleus, which keeps the weakly-bound proton away from the interaction zone. However, there is at present no consensus on the behavior of the low-energy fusion cross sections induced by halo nuclei. Reviews on this topic have been published in Refs. [12] [13] [14] [15] , and several theoretical predictions can be found in the literature [16] [17] [18] [19] [20] . These calculations include coupling to soft dipole modes and to transfer and breakup channels. Both enhancement and suppression of the fusion cross sections at low energies has been predicted.
In this letter we report on a measurement of fusion in the 15 C + 232 Th system, studied by detecting the fission fragments produced from the decay of the excited 247 Cm compound nucleus.
Two coincident fission fragments emitted with high energies can be detected with good efficiency and provide a clean signal for the fusion-fission process. Furthermore, when compared to 238 U, 232 Th has the advantage that transfer-induced fission is expected to have a much smaller cross section, as discussed below. Since 15 C is located next to 14 C, which has a closed neutron shell (S n =8.177 MeV), a measurement of fusion-fission cross sections for 14 C + 232 Th provides a good reference reaction involving a spherical projectile.
The measurements of the fusion excitation functions were done in three steps. First, the excitation function for the system 13 C+ 232 Th was measured and used to determine the detection efficiency by normalizing the data to the results from Ref. [21] . Then, an excitation function for the system 14 C+ 232 Th was measured, providing a reference involving a closed shell nucleus. This was then followed by the measurement involving the halo nucleus 15 C.
The experimental setup for the fusion-fission experiment was similar to the one described in Ref. [11] . Four 5x5 cm 2 Si surface barrier detectors subdivided into four quadrants surrounded the 232 Th target (640 µg/cm 2 ) with two pairs opposite to each other, covering the angular range between 25
• − 70
• and 115
• − 160
• . Fusion-fission events were identified by the detection of coincident high-energy particles in two opposite detectors. At a distance of 6 cm, the four detectors provided an average detection efficiency of 5.1% as calculated by a Monte Carlo simulation. In order to be independent of the calculated efficiency, which depends on the angle between the two fission fragments, the measured fusion-fission yields from 13 C + 232 Th were normalized to the data from Ref. [21] . The detection efficiency was determined to be 5.3%, in good agreement with the Monte Carlo simulation.
To expedite beam energy changes for the fusion excitation functions, Au foils with thicknesses between 4.9 and 14.9 mg/cm 2 were inserted into the beam ∼55 cm upstream from the target. The degrader foils reduced the beam intensities by factors of 3-5. The energy loss of the ions in the 232 Th target and in the degrader foils, and the stability and purity of the beams during the runs, were monitored by detecting elastically scattered beam particles at θ lab =4.8
• in the Enge split-pole spectrograph which was located behind the Si-detector array. The energy width of the 15 C beam with e.g. a 14.9 mg/cm 2 Au foil was measured to be ∼720 keV (FWHM). Since the count rate at the small scattering angle of the spectrograph is very sensitive to the beam profile, the relative normalization of the 13,14,15 C measurements was achieved by using the elastically scattered particles detected in the four most forward quadrants of the Si detectors (θ ∼ 35
• ) located symmetrically around of the beam.
The
15 C beam was produced via the In-Flight Technique [22] by bombarding a cryogenically cooled gas cell filled with deuterium at 1.4 atm with an intense (∼100 pnA) 14 [23] located midway between the production target and the experimental setup reduced the 14 C contamination to 3-28% for the different energies. Fig. 1 gives a spectrum of time-of-flight vs. magnetic rigidity (Bρ) measured in the focal plane of the spectograph for the 15 C beam attenuated with a 13.2 mg/cm 2 Au foil to an energy of 59.8 MeV. The main peak containing ∼72% of the total yield originates from 15 C ions, while the group at lower magnetic rigidities results from scattering of the primary 14 C beam. Particle identification was obtained using the time-of-flight and the ∆E signals from the focal plane detector. In the previous 17 F study [11] , the remnants from the primary 17 O beam did not contribute to the fusion measurements since the energy of the contaminant particles was lower by the square of the ratio of the charge states (64/81). In this experiment, the contaminant 14 C 6+ particles have energies that can be higher than those of 15 C 6+ . Thus, the cross sections for the 15 C + 232 Th reaction need to be corrected for the contributions from the 14 C + 232 Th reaction. For this correction, the Bρ spectrum for 14 C (see Fig. 1 ) was converted into an energy spectrum, the yield corrected for the E −2 dependence of the Rutherford cross section, and then folded with the fusion-fission cross section for 14 C + 232 Th measured earlier. These corrections to the cross sections are negligible at the two highest energies and increase to 13% for the lowest energy point. [27]. The cross sections for 12,13,14 C agree with the CC calculations within their experimental uncertainties, while the fusion-fission cross section for 15 C + 232 Th is enhanced at the lowest energies by factors of ∼5 with respect to the CC calculation and 13,14 C experimental data. This enhancement is similar to that seen in the fusion measurements with the four-neutron halo nucleus 8 
He on
197 Au [24] . The cross sections for the three systems are summarized in Table I .
The segmentation of the detectors used in these measurements did not permit a separation of transferinduced fission reactions from fusion-fission. For nuclei close to 232 Th, which can be populated in few-nucleon transfer reactions, the fission barriers are typically around 6 MeV [25] ; i.e., comparable to the fission barrier of the compound nuclei 245,246,247 Cm [26] . The excitation energies of the nuclei produced in transfer and compound-nucleus fusion reactions are, however, quite different (a few MeV for transfer reactions and ∼40 MeV for fusion-fission). Thus, the contribution of transfer-induced fission is expected to be small. From experiments with stable beams in the immediate vicinity (2) 214(6) 58.5 (2) 21 (1) 54.6(2) 1.0(1) (3) 18 (4) 54.4(3) 6.5(2.2) of 15 C, the maximum contribution from transfer-induced fission of 11 B, 12 C, and 13 C on 232 Th, was found to be of the order of a few percent relative to the total fusion cross section [21, 27, 28 ].
The situation is quite different for the fusion of 6 He on 238 U [29, 30] . There, a large fusion enhancement was reported in Ref. [29] . A later experiment, however, suggested that this enhancement originated from transfer-induced fission caused by the two-neutron transfer reaction ( 6 He, 4 He) [30] . The Q-value for the 238 U( 6 He, 4 He) reaction is 9.76 MeV, which means that, due to Q-matching conditions, the main strength of the transfer yield is at excitation energies of ∼10 MeV, well above the fission barrier in 240 U where the fission probability reaches values of 30% [31] . Thus, a large fraction of the transfer yield results in fission of the residual nuclei in this case.
The Q-value for the one-neutron transfer reaction 232 Th( 15 C, 14 C) is 3.57 MeV. No cross section measurements for this reaction exist, so we have used the systematics of neutron transfer obtained from reactions with stable beams in nearby systems [32, 33] . The location and the width of the Q-window was calculated with the DWBA program PTOLEMY [34] . In 233 Th, only states at excitation energies above 6 MeV can contribute to transfer-induced fission. The total cross section for the ( 15 C, 14 C) reaction is estimated from systematics to be around 300 mb. Folding the Q-window with the energy-dependent fission probability for 233 Th [25] , we obtain an upper limit for the transfer-fission yield of about 0.5 mb in the energy range of 54-60 MeV. This is smaller than the fission yields measured in this experiment by a factor of at least 10. Thus, similar to the results obtained for 11 Fig. 2 ) are essentially identical to the calculated cross sections for 14 C+ 232 Th. A comparison to the experimental data indicates that, at high energies, the fusion data for 15 C+ 232 Th are consistent with the spectator model. Below E cm ∼59 MeV, additional effects come into play which lead to a strongly enhanced cross section.
In summary, the longstanding question of whether the fusion of nuclei involving weakly bound particles is enhanced or suppressed at low energies has been addressed for the system 15 C + 232 Th. We find that the fusion-fission cross section is enhanced by a factor of 5 in comparison to those for 12, 13, 14 C at the lowest energies studied in this experiment. This enhancement is at variance with the calculations of Refs. [19, 20] . In Ref. [19] a reduction of the fusion cross section at these energies was predicted, while in Ref. [20] there is little effect from transfer reactions on the fusion cross sections at the energies of interest. Using an improved detection setup and higher intensity beams, an extension of these measurements towards lower cross sections by another order of magnitude is feasible. A measurement of the transfer channels in 15 C+ 232 Th would also be of interest, though such a measurement is currently beyond the limits of what is possible with existing capabilities.
